Speech communication often takes place in noisy environments; this is an urgent issue for military personnel who must communicate in high-noise environments. The effects of noise on speech recognition vary significantly according to the sources of noise, the number and types of talkers, and the listener's hearing ability. In this review, speech communication is first described as it relates to current standards of hearing assessment for military and civilian populations. The next section categorizes types of noise (also called maskers) according to their temporal characteristics (steady or fluctuating) and perceptive effects (energetic or informational masking). Next, speech recognition difficulties experienced by listeners with hearing loss and by older listeners are summarized, and questions on the possible causes of speech-in-noise difficulty are discussed, including recent suggestions of "hidden hearing loss". The final section describes tests used by military and civilian researchers, audiologists, and hearing technicians to assess performance of an individual in recognizing speech in background noise, as well as metrics that predict performance based on a listener and background noise profile. This article provides readers with an overview of the challenges associated with speech communication in noisy backgrounds, as well as its assessment and potential impact on functional performance, and provides guidance for important new research directions relevant not only to military personnel, but also to employees who work in high noise environments.
Introduction
Noise-induced hearing loss (NIHL) and noise-induced tinnitus are the two most prevalent compensated disabilities for the Department of Defense (DoD) and the Department of Veteran's Affairs (VA) in the United States (Institute of Medicine, 2005; Yankaskas, 2013) , in addition to their prevalence as significant public health issues for the civilian population (Nelson et al., 2005; Rabinowitz, 2012) . Across regulatory agencies, there is a wealth of information on the importance of hearing conservation programs, with particular emphasis on engineering controls to reduce sound at its source, the implementation of administrative controls to reduce the duration of exposure for individuals, and personal protective equipment use when it is not feasible to reduce noise levels. In addition to these direct strategies for hearing loss prevention, hearing conservation programs are required to include education on the effects of noise on hearing, noise monitoring, and annual audiometric testing. Specific regulations related to each of these areas are codified for those employed by general industry (OSHA, 1983) , mining (MSHA, 1999) , railroads (FRA, 2007) , and the Department of Defense (DoD Instruction 6055.12, 2010) . Additional guidance on best practices is available from a variety of sources, such as the National Institute for Occupational Safety and Health (NIOSH, 1998) , the Council for Accreditation in Occupational Hearing Conservation (Hutchison and Schultz, 2014) , and the American Conference of Governmental Industrial Hygienists (ACGIH ® ) (Knowles, 2003) .
All of the above regulatory guidance related to hearing conservation is directed specifically at hearing loss prevention, with little or no discussion of the challenges of communication in a noisy environment. However, communication in the presence of background sound is a major issue not only for workers in factories and employees in bars, clubs, restaurants, or other noisy venues, but also for military service members who face challenging high-noise conditions near or inside vehicles, in combat zones, and even during training exercises, including weapons training (McIlwain et al., 2008; Ohlin, 2009b) . In the review by Grantham (2012) , the importance of speech understanding for mission success is discussed in detail, including the impact of communication challenges when speech is delivered over radio headsets in noisy environments. In the workplace, the need to communicate with coworkers in noisy backgrounds can result in the removal of hearing protection devices (HPDs), compromising protection of the worker's hearing. For military service members in hazardous environments, the use of passive HPDs has the potential to interfere with detection, recognition, identification and localization of mission relevant sounds (Grantham, 2012 (Lobarinas et al., 2016) . Longstanding efforts to develop active, electronic HPDs have resulted in the availability of new devices that better preserve signal detection and identification abilities (Casali, 2010; Casali et al., 2009; Talcott et al., 2012) . These and other related issues are discussed in the following sections.
Speech communication
Speech is a continuously changing energetic complex signal with rapid dynamic change in both the frequency spectrum and intensity of the signal over time; the overall level additionally varies as a function of the individual talker, reverberation within the environment, room noise, and other factors (Hawley and Kryter, 1957) . Speech intelligibility tests were initially designed to assess word recognition performance under conditions in which the ambient noise was carefully controlled and manipulated while trained talkers read specially selected lists of words, so that communication systems (radios, loudspeakers, telephones) could be compared on the basis of intelligibility of the relayed communication (Hawley and Kryter, 1957) . The problem of generating systematic data useful across situations is well articulated by Robinson and Casali (2003; p. 569 ) who state, "The degree to which one sound masks another and the resulting masked threshold depend on the physical characteristics of the sounds (levels, spectra, periods, etc.), the hearing threshold of the listener, the etiology of the listener's hearing loss (if present), the attenuation characteristics of the hearing protector (if used), and the manner in which sound is processed by the inner ear and the brain. Obviously, not all of these factors can be controlled, but it is important to understand how they are related in order to understand how a change in one or more of these factors affects the audibility of a sound." Intuitively, it makes sense that the louder the background noise or, conversely, the quieter the target, two manipulations that both result in a smaller (poorer) signal to noise ratio (SNR), the more difficult it will be to detect the target within the noise; beyond level, the closer the frequencies of the masking noise and the target signal, the more difficult the listening task (Robinson and Casali, 2003) . When the target is speech, the problem is compounded because the listener must not only detect the stimulus, but also understand the target.
Some studies suggest approximately 12 dB SNR is required for speech understanding in the presence of background noise levels ranging from 35 to 110 dB SPL (Robinson and Casali, 2003) , although other data suggest much lower SNRs should be adequate for normal hearing listeners (Shadle, 2007) . Variability across studies is presumably explained, at least in part, by the specific background masking stimulus and the speech targets, with some backgrounds providing more effective masking of speech signals than others; talker sex and individual voice characteristics also contribute to variability. Agreement on consistent parameters for use across studies is urgently needed given recent suggestions that supra-threshold speech-in-noise tests be considered as part of a test battery when assessing potential therapeutics for benefit in patients (Le Prell and Lobarinas, 2015; Le Prell and Brungart, 2016) . The American Academy of Otolaryngology e Head and Neck Surgery adopted the inclusion of pure-tone average threshold (PTA) at 0.5, 1, 2, and 3 kHz (PTA-5123) and word recognition scores (in quiet) as the minimal standard for reporting hearing results in clinical trials (Gurgel et al., 2012) . This standard was adopted by The Laryngoscope, OtolaryngologyeHead and Neck Surgery, and Otology & Neurotology (Oghalai and Jackler, 2016a,b,c).
The importance of speech understanding cannot be overemphasized for functional communication. Patients rarely seek audiometric testing because they cannot detect pure-tones; the most common complaint is, instead, difficulties communicating with others Soli, 2008; Wilson et al., 2010b) . In a Letter to the Editor, the American Academy of Audiology (AAA) supported the concept of standardized test protocols for clinical trials, but noted that the use of PTA-5123 versus word recognition score may not be a sensitive enough metric for some populations, such as those expected to develop NIHL or drug-induced ototoxic change (Carlson, 2013) . NIHL is most commonly associated with a notched audiometric configuration with the poorest thresholds typically observed at 3, 4, or 6 kHz (McBride and Williams, 2001; Nondahl et al., 2009; Osei-Lah and Yeoh, 2010; Rabinowitz et al., 2006; Wilson, 2011b; Wilson and McArdle, 2013) . With respect to patients with an overt NIHL (Jansen et al., 2014; Leensen et al., 2011a,b; Smoorenburg, 1992) , or perhaps even a history of noise exposure in the absence of overt NIHL (Hope et al., 2013) , relatively poorer function on speech-in-noise tasks is indeed possible. Recommendations for speech-in-noise testing are consistent with the explicit guidance that audiologic evaluations should include a measure of the patient's ability to understand speech in competing background noise (Carhart and Tillman, 1970) . Speech-in-noise tests continue to be advocated by many as a "stress test" for auditory function and a metric that better captures real-world patient challenges Soli, 2008; Vermiglio et al., 2012; Wilson, 2011a) . Despite the importance of speech-in-noise understanding to patients, and clinicians responsible for addressing patient complaints, speech-in noise testing is not included in any state or federal medical-legal test batteries used to make disability compensation decisions (see reviews by Dobie, 2015; Rawool, 2012) . Similarly, speech-in-noise testing has not been widely embraced as a routine clinical test procedure (Vermiglio et al., 2012) . In any discussion of real-world impact on communication and medical-legal test batteries, issues such as impairment, handicap, and disability should be carefully considered.
Medical-legal definitions of impairment, handicap, disability
The terms impairment, handicap, and disability are often used somewhat interchangeably during discussions of hearing loss, but from a medical-legal perspective, these terms have very different meanings (Dobie, 2015) and each of these terms is, therefore, briefly introduced below.
Hearing impairment
Impairment is defined as "function outside the range of normal" and to calculate hearing impairment, one must decide which frequencies contribute to "hearing function" (i.e., which frequencies are most important for activities of daily living), where "the range of normal hearing" ends (i.e., where impaired hearing function begins), and how quickly hearing impairment grows (i.e., degree of impairment per dB of hearing loss). As per the excellent review by Dobie (2015) , the data largely suggest the PTA at 0.5, 1, and 2 kHz (PTA-512) may be the most useful predictor for deficits identifying speech in quiet, whereas PTA-5123 may better predict difficulties identifying speech in the noisier settings more common in everyday life. The American Academy of Otolaryngology (AAO, now, the American Academy of Otolaryngology-Head and Neck Surgery, AAO-HNS) has, therefore, advocated the use of PTA-5123 for impairment calculations (AAO-1979) . For hearing impairment calculations, normal function is commonly defined as extending to 25 dBHL, with impairment calculations frequently based on the number of dB by which the PTA exceeds (is poorer than) a 25-dBHL "low fence". Impairment is calculated separately for each ear, and the two monaural impairment values are used to calculate a binaural hearing loss. Given that NIHL is often observed to include a 4-kHz notch, but 4 kHz thresholds do not influence PTA-5123, NIHL is relatively less likely to result in a significant medical-legal hearing impairment. If impairment is calculated following ASHA task force recommendations using the PTA at 1, 2, 3, and 4 kHz (PTA-1234), a 4 kHz notch will have some influence on the PTA used to calculate impairment (American Speech Language Hearing Association, 1981) . In contrast to this threshold-based strategy, a different approach to measuring impairment is that of the World Health Organization (WHO). The WHO defines impairment as a problem in body function or structure leading to activity limitation or participation restriction; activity limitation is "a difficulty encountered by an individual in executing a task or action" and participation restriction is "a problem experienced by an individual in involvement in life situations," (http://www.who.int/topics/ disabilities/en/). Based on the WHO definition of impairment, hearing impairment has been defined as the individual's own perception regarding his or her hearing limitations, affecting his or her lifestyle, family connections, and social and emotional standing (for review, see Souza and Lemos, 2015) . Qualitative surveys are frequently used to quantify activity limitations and participation restriction associated with hearing impairment (Helvik et al., 2006; Solheim et al., 2011; Stephens et al., 2000) .
Binaural hearing handicap
Handicap is a disadvantage observed when an impairment is sufficiently severe so as to compromise efficiencies in "activities of daily living" (for review, see Dobie, 2015) . There is generally good agreement that hearing handicap should reflect difficulties understanding speech. However, in practice, hearing handicap calculations are based on the impairment calculations derived from the pure-tone audiogram assessed in a quiet setting (for review, see Dobie, 2015) . Hearing handicap is defined as a weighted average of the two monaural impairment values, with the better ear weighted more heavily than the poorer ear, such that the weighted handicap is much closer to the better ear than the poorer ear (for review, see Dobie, 2015) . The AAO-1979 method, which is the most commonly used method in the United States, uses a 5:1 weighting.
While there is clearly utility to be gained from accepted, standard, definitions of impairment and handicap, it is also true that what causes a hearing loss to become a handicap is how it impacts hearing-critical activities of daily living such as communication. This impact is usually dependent on the noise environment(s) where these activities take place Soli, 2003) . Objective consideration of hearing handicap within the workplace is difficult, as specific hearing-critical activities may vary from task to task or job to job. In the military, this issue is being considered in the context of auditory fitness for duty (Bevis et al., 2014; Semeraro et al., 2015; Tufts et al., 2009; Vaillancourt et al., 2011) . The Speech Recognition in Noise Test (SPRINT) should be noted here as it is used in combination with the audiogram to determine fitness for duty for Army personnel (AR 40e501, Standards of Medical Fitness; see Department of the Army, 2011). Furthermore, there are now proposals that the Hearing in Noise Test (HINT) be considered for use in making employment decisions for jobs where communication performance is critical .
Auditory fitness for duty analyses include job task analysis that identifies essential hearing-critical tasks related to functional use of auditory cues (Laroche et al., 2003 Vaillancourt et al., 2011) . From this perspective, audiologists and hearing scientists cannot make determinations about handicap and impairment simply based on the audiogram and standardized formulas. Impairment, handicap, and disability would instead require input from "subject matter experts" with insight into hearing critical tasks. The impact of hearing impairment and associated hearing handicap is not limited to the workplace; there is a wealth of information describing the impact of hearing impairment on quality of life (Joo et al., 2015; Polku et al., 2016; Roland et al., 2016) , specifically including quality of life for active duty military personnel (Alamgir et al., 2016) .
Disability
Disability is a legal term, and it is defined as "an actual or presumed inability to remain employed at full wages." The field of public health uses a metric termed disability-adjusted life year (DALY) to capture the impact of different disabilities. The DALY provides a population health summary measure that combines years of life lost (from premature death) with years of life lived with disabilities; conceptually, one DALY is one year lived with health issues (for additional discussion, see Mathers et al., 2003) . Consistent with the identification of hearing loss as an important public health issue (Stevens et al., 2013) , the WHO monitors the global prevalence of disabling hearing loss. The WHO defines disabling hearing loss as hearing loss greater than 40 dB in the better hearing ear in adults (i.e., thresholds of 41 dB HL or poorer in the better ear), measured using PTA-5124. According to the WHO, adult-onset hearing loss is the fifteenth ranked cause of disease or injury accounting for 1.8% of all accrued DALY units. In high-income countries, reduced incidence of communicable diseases results in adult onset hearing loss rising to the 5th/6th ranked disease or injury, accounting for 3.4% of DALY units (World Health Organization, 2004) .
Because disability is a legal term related to the inability to remain employed at full wages, the issues raised in the discussion of "job-critical tasks" apply to disability determination as well. Disability is not defined by hearing loss per se, nor is it defined by communication handicap (Laroche et al., 2003) . Disability in the legal sense exists when there are essential hearing-critical job tasks that cannot be accomplished because of communication handicap or audibility of job-critical signals. In other words, a communication handicap that disables a person for some hearing-critical job tasks may not disable them for other job tasks. Understanding the legal issues is critical in order to objectively deal with workplace accommodation issues, which could, for example, include assistive listening devices, interpreters, speech-recognition software or captioning services, captioned telephones, visual alerts, hearing dogs, etc. At other times, communication handicaps caused by hearing loss may be accommodated by placing the individual in job tasks which are not hearing-critical or where the communication handicap is not severe enough to be disabling.
Definition of noise injury
Although impairment can be assessed qualitatively using activity limitation and participation restriction metrics, for medicallegal purposes, impairment and handicap are defined on the basis of elevations in the pure-tone audiogram as described above. Noise injury is also specifically measured on the basis of threshold elevations (DoD Instruction 6055.12, 2010; FRA, 2007; Hutchison and Schultz, 2014; Knowles, 2003; MSHA, 1999; NIOSH, 1998; OSHA, 1983) , and almost all compensation claim payments are calculated on the basis of threshold elevations (with some allowance for age-correction, or benefit obtained with hearing aid, depending on the state legal code). The Veterans Administration (VA) is unique in that it includes both pure-tone threshold testing and speech testing in its disability examination and disability rating scales (Department of Veterans Affairs, 1999; for overview and discussion, see Rawool, 2012) . The speech test required by the VA for disability calculation purposes is the Maryland CNC Test and this test must be completed using recorded materials; live voice is not allowed. PTA-1234 is calculated, and percent correct is calculated for the Maryland CNC Test, in which target words are monosyllabic words constructed of an initial consonant, vowel nucleus, and final consonant. Each ear is assigned a rating based on monaural PTA and word recognition score. The total hearing disability rating is then calculated using a second table that weights the two ears, with the better ear being more heavily weighted than the poorer ear. The disability rating is then incorporated into a Total Military Disability Rating used for disability compensation purposes. As noted above, speech-in-noise tasks are not routinely used to document noise injury. Given increasing speculation and emerging evidence consistent with a proposed association between a history of noise exposure and relatively poorer function on speech-in-noise tasks (Hope et al., 2013; Jansen et al., 2014; Leensen et al., 2011a,b; Liberman et al., 2016; Smoorenburg, 1992) , careful consideration of factors that influence speech-in-noise performance is warranted.
Noise maskers

Fluctuating versus steady noise
Spoken communication between individuals often occurs in a background of noise, which affects speech intelligibility. Speech intelligibility is traditionally defined (and measured) by the ability to understand speech despite the presence of masking noise. Masking noise is any noise that may potentially cover up (i.e., mask) another sound, such as speech. Steady noise has spectral and temporal characteristics that are essentially constant over time, for example, the background noise created by a fan or an idling vehicle. This type of sound may mask some words more than others because of its spectral content. If the spectrum of the masker does not overlap fully the spectrum of the talker, speech remains intelligible, as a relatively narrow band of frequencies is necessary for speech recognition (Moore, 2012) . One common type of steady noise masker used in speech-in-noise tasks is speech-shaped noise. In this case, the average long term spectrum of a speaker's voice is used to synthesize noise that will mask the talker as much as is possible (Bronkhorst, 2000; Byrne et al., 1994) . On the other hand, fluctuating (or non-stationary) noise has spectral characteristics and levels that change over time, sometimes quite rapidly. Ambient noise often includes both steady and fluctuating noise, but fluctuating noise is the most common type of background noise that people experience. Examples of fluctuating noise include people talking, road traffic, or gusting winds. There are essentially two manners in which fluctuations in the noise can occur: first as a variation in the frequency content of the noise over time (spectral fluctuation), such as the change in pitch of the noise inside a vehicle as it accelerates; second, as a variation in the overall level of the noise over time (temporal envelope variation), such as the sound of a passing vehicle. Reverberation is an example of distortion of room noise which results in temporal variation (Steeneken and Houtgast, 1980) .
Energetic versus informational masking
Energetic masking refers to background noise that contains energy in the same frequency band as the speech. Energetic masking is also sometimes referred to as peripheral masking because the masker competes with the target at the periphery of the auditory system (Durlach et al., 2003) . Early investigations commonly focused on energetic masking of communication signals related to headset, telephone, radio, and other device design by noise that was modeled after aircraft noise (see, for example, Kelly and Steer, 1949; Kryter and Williams, 1966) . In contrast, a host of studies have used "speech shaped noise" as a steady masker because it ensures maximum masking effect. In other studies, the masker was created from a combination of multiple speakers and has sometimes been referred to as "babble" rather than as noise. When investigating the effect of fluctuating maskers, speech shaped noise with modulation (which can be manipulated to introduce temporal structure in the noise) has also been used, as this ensures a relatively standardized background. Differences in the masking of speech signals in the presence of different background noise signals and different babble producers (male, female, child) have been carefully explored by a number of groups and remain an area of active interest (Cullington and Zeng, 2008; Dubno et al., 2005; Pittman and Wiley, 2001; Sperry et al., 1997) .
In contrast to energetic masking, masking via competing speech is referred to as informational masking when the listener is able to process the background speech (Freyman et al., 1999) . Examples of informational masking include noise from other talkers (e.g., a crowd where several people are speaking simultaneously in the vicinity of the listener) or from multiple sources of speech (such as multiple radio channels heard in a cockpit communication headset). In general, informational masking occurs when the listener is unable to differentiate the elements of the target speech from the similar-sounding distracter (Brungart, 2001 ). Most research investigating the effects of informational masking on speech recognition involves multiple talkers, and evaluates the effects of spatial separation, reverberation and gender on masking. In a review of the "cocktail party" phenomenon, Bronkhorst (2000) found that speech intelligibility depends on the properties of the masker, the number of maskers, the spatial configuration and the acoustic environment. This author also reports that speech intelligibility in conditions involving interfering speech is significantly poorer for hearing impaired listeners than for normal hearing listeners. The masking conditions also greatly influence the resulting speech recognition. Brungart et al. (2001) conducted a study in which normal hearing listeners were asked to detect a color and number spoken in competing informational masking that involved 2-, 3-or 4-talker configurations (coordinate response measure). They found that the masking effects were different depending on whether the masker level was above or below the target. When the target was more intense, they found performance improved with the number of competing talkers. However, when the target level was less intense than the masker, subjects performed better with two competing talkers than with three or four talkers. They also showed that performance on all these tasks was worse with the competing talkers than with fluctuating energetic masking (modulated noise masker) and that informational masking was least effective when the voices of the masker were qualitatively different from the target (e.g. male versus female). Ultimately, most listening situations involve a combination of informational and energetic masking with fluctuations.
Effects of age and hearing impairment on speech recognition
Hearing level and fluctuating noise
When background noise levels fluctuate over time, the difference in speech intelligibility between normal and hearingimpaired listeners can be significant. Normal-hearing listeners have better speech intelligibility in fluctuating noise than in steady noise, given equal long-term average noise levels for the different maskers. Presumably, normal hearing listeners benefit from the information available during relatively silent periods in the fluctuating noise; i.e., they have the ability to "listen during the gaps". This effect is sometimes called masking release (MR) or fluctuating masker benefit (FMB) (Bernstein and Brungart, 2011; Rhebergen et al., 2014) . Individuals with hearing loss are almost certainly impaired in terms of their ability to detect and identify signals that are inaudible to them because of the hearing loss (Badri et al., 2011; Humes and Roberts, 1990; Quist-Hanssen et al., 1979) . However, many hearing-impaired listeners also have disproportionate difficulty understanding speech-in-noise even if both speech and noise are presented at a much greater intensity than the listener's thresholds (Plomp, 1978) . The reasons for this difference are still unclear and go beyond the lack of audibility or hearing sensitivity and may be a reflection of supra-threshold deficits such as reduced temporal and spectral resolution and lack of normal auditory compression (Festen and Plomp, 1990; George et al., 2006; Houtgast and Festen, 2008) . Dubno et al. (2003) found that poorer speech recognition in interrupted speech was strongly correlated with elevated forward masking thresholds, highlighting the potential impact of poorer temporal resolution on speech intelligibility. Versfeld and Dreschler (2002) also found that speech reception thresholds of normal hearing listeners were similar when using either speech with fluctuating masker noise or time compressed speech in steady-state noise, thereby revealing the impact of temporal resolution detection of speech in fluctuating maskers. However, Bernstein and Brungart (2011) showed that lack of temporal or spectral resolution alone could not explain the reduced fluctuating masker benefit experienced by hearing impaired listeners. Desloge et al. (2010) suggested that masking release in hearing impaired listeners could be determined on audibility alone. They tested both hearing impaired (HI) listeners and normal hearing listeners with simulated hearing loss matched to the HI group (using additive noise to elevate thresholds) and found similar masking release in both groups. Yet, there is clearly a distortion component that causes hearing impaired listeners to perform more poorly even when all components of the speech signal are theoretically detectable after amplification Plomp, 1986; Vermiglio et al., 2012) . While the processes that affect speech intelligibility in fluctuating noise for hearing impaired individuals may not be fully understood, the fact remains that HI listeners are disproportionately affected by the most common noisy backgrounds when compared to normal hearing individuals.
Age and speech recognition in noise
Several studies have demonstrated that many older listeners have difficulty understanding speech particularly in the presence of background noise or reverberation (Duquesnoy and Plomp, 1980; N ab elek and Robinson, 1982; Plomp, 1978) . In fact, the percentage of the population with problems understanding speech approximately doubles with every decade in age, from 16% for 60-year-olds to nearly 100% for 86-year-olds (Plomp, 1978) . Although agerelated hearing loss reduces the audibility of speech in background noise, it is thought that other factors lead to significant differences in speech intelligibility across individual listeners with similar audiometric profiles. Versfeld and Dreschler (2002) found that even after correcting for elevated thresholds, normal hearing elderly subjects as well as hearing impaired listeners perform worse than younger subjects in speech recognition tasks in fluctuating maskers. One recent study assessing the role of temporal resolution revealed that word scores in competing babble decreased significantly when the level of the background babble increased, with older age, and with poorer gap detection thresholds, whereas there was no significant effect of absolute threshold sensitivity in the conventional or extended frequency range on word scores in competing babble (Snell et al., 2002) . These results were interpreted as suggesting that age and temporal processing are the most important determinants of speech-in-babble understanding, at least in adults with normal hearing or mild highfrequency hearing loss. The effects of age and hearing loss vary across studies, however. For example, other data showed that poorer performance in older listeners completing a word recognition task was significantly associated with poorer thresholds in both the conventional (125e8000 Hz) and extended high frequency (EHF, above 8000 Hz) range, even though the stimuli were presented at supra-threshold levels (Wingfield et al., 2000) .
Noise induced hearing loss and speech recognition
There has been longstanding interest in whether NIHL is associated with deficits on speech-in-noise tasks. There is speculation that difficulties communicating in noisy environments may result in social isolation, depression, and reduced quality of life for activeduty and retired military personnel (Alamgir et al., 2016) . Pestalozza and Lazzaroni (1954) first reported that speech identification performance in white noise was disproportionately poorer when the speech stimuli were filtered to model the presence of a notched audiometric configuration, with relatively less disruption when the speech stimuli were filtered to model a sloping or rising audiometric configuration. It is now relatively clear that overt NIHL is associated with poorer function on speech tasks in noise backgrounds (Findlay, 1976; Garinther and Peters, 1990; Jansen et al., 2014; Leensen et al., 2011a Leensen et al., , 2011b Peters and Garinther, 1990; Smoorenburg, 1992) . Interestingly, Hope et al. (2013) reported poorer speech-in-noise performance in Royal Air Force aircrew pilots than administrators in the absence of significant PTA threshold differences (PTA-5124; n ¼ 10 per group), although it should be noted that their use of the PTA-5124 metric may have been relatively insensitive to threshold differences related to noise history as noise typically affects 3, 4, and/or 6 kHz thresholds and not those at 0.5, 1, or 2 kHz. Alvord (1983) compared 10 male subjects working in high noise occupations (jet mechanics, firing range instructors, and helicopter crew members) with a control group that reported no history of intense noise exposure (7 male, 3 female). For word lists presented at 60 dBHL, the control group had 80% correct performance whereas the noise-exposed group had 70% correct performance. Subjects in both groups had thresholds of 20 dBHL or better, but the subjects in the noise-exposed group had approximately 5e10 dB poorer hearing across frequencies (from 250 Hz to 8 kHz) (Alvord, 1983) . Although the groups in these two small studies may have had small threshold differences, the data are, nonetheless, consistent with potential perceptual distortion, as all signals should have been audible.
Recently, a number of authors have discussed the possibility that noise exposure induces a selective synaptic loss at the synapses of the inner hair cell and afferent dendrites (termed synaptopathic damage, or synaptopathy) in humans as has been shown in mice and guinea pigs (for review, see Kujawa and Liberman, 2015) . The topic of noise-induced synaptopathy and strategies for measuring the potential "hidden hearing loss" that might accompany selective synaptopathic or neuropathic injury has received significant recent attention from the research community (Le Prell and Lobarinas, 2016b; Le Prell and Brungart, 2016; Liberman et al., 2016; Mehraei et al., 2016; Plack et al., 2016; Schaette and McAlpine, 2011; Shaheen et al., 2015; Song et al., 2016) . This issue is of particular relevance to the military, and Congress therefore directed the VA to partner with the Institute of Medicine of the National Academies to produce a report on the effects of noise on service members, including a review of the evidence for delayed hearing loss subsequent to discharge (Institute of Medicine, 2005) . Although selective noise-induced synaptopathy has yet to be confirmed in humans either directly (in post-mortem temporal bone histopathology) or indirectly (using selective reduction in ABR amplitude as an electrophysiological correlate), it has been suggested that if it is present, synaptopathy in humans will likely manifest as a functional speech-in-noise deficit in the absence of an elevation in pure-tone detection thresholds Liberman, 2006, 2015) . The existing literature on speech-in-noise test outcomes in individuals who have normal hearing despite significant noise exposure histories was reviewed by Plack et al. (2014) , who state, "Although the literature is not extensive, there is some evidence that listeners with a history of noise exposure, but with near-normal threshold sensitivity, show deficits in complex discrimination tasks." A variety of preliminary data from young adult (college-student) populations presented since then has not supported any reliable relationships between recreational noise history and performance on speech-in-noise tasks (Fulbright, 2016; Le Prell and Lobarinas, 2016a; Prendergast et al., 2016) .
In contrast to studies in which deficits were not observed in college students as a function of recreational noise, a new report from Liberman et al. (2016) comparing high risk participants (primarily college students studying music performance) to low risk participants (primarily college students studying communication sciences and disorders) described high risk participants as having poorer thresholds at extended high frequencies (approximately 10 dB poorer at 10 kHz, increasing to approximately 20 dB poorer at 20 kHz), and worse word recognition performance in noise at 0 dB and 5 dB SNR conditions (approximately 10% worse performance), with increasing group differences in the most difficult reverberation conditions. In addition to these functional differences, there was a statistically significant difference in the amplitude of the summating potential, with higher amplitudes observed in the high risk participant group , a fact that may point to the loss of apical outer hair cells based on data from mice. In mice, loss of the apical outer hair cells results in a significantly increased summating potential amplitude . In contrast to the effects of outer hair cell loss, in chinchillas, loss of the inner hair cell population results in a significantly decreased summating potential amplitude (Durrant et al., 1998) . Taken together, the data from Liberman et al. (2016) showing hearing loss at extended high frequencies and poorer word recognition in noise backgrounds clearly suggest a noise-induced functional deficit in the absence of hearing loss within the conventional audiometric range of 250e8000 Hz; however, when these deficits are interpreted in combination with the significantly increased summating potential amplitude, it may be the case that outer hair cell pathology in the apical cochlear regions underlies these effects, rather than a selective neural pathology.
In addition to the new data from Liberman et al. (2016) , there was an increase in auditory complaints after significant noise exposure associated with explosions and blast injury (Remenschneider et al., 2014) , and such symptoms have also been documented in military personnel after blast exposure (Gallun et al., 2012a,b; Helfer et al., 2011; Saunders et al., 2015) . There has been significant effort to develop a comprehensive blastrelated auditory injury database (BRAID) using data from the Defense Occupational and Environmental Health Readiness System Hearing Conservation (DOEHRS-HC) Data Repository; unfortunately, speech communication deficits were not discussed as part of the BRAID assessment (Joseph et al., 2016) . The availability of systematic data on speech-in-noise deficits in occupational workers is similarly limited; however, Duarte et al. (2015) completed a retrospective medical review for 364 workers exposed to occupational noise and seen in an Occupational Otorhinolaryngology Outpatient Clinic. Of the medical records reviewed, 53% included complaints of oversensitivity to loud sound, 47% included complaints of speech recognition difficulties, 43% included complaints of tinnitus, and 38% included complaints of hearing loss, making difficulties understanding speech one of the most common complaints among this noise-exposed population of workers seeking medical care.
In those studies in which noise-induced functional differences are observed in the absence of hearing loss, it is important to consider the possibility that differences in auditory thresholds nonetheless contribute to findings of functional differences. For example, Kumar et al. (2012) compared a cohort of train drivers (n ¼ 28, ages 30e60) with age-matched controls (n ¼ 90), on a variety of temporal processing tasks (gap detection, modulation detection, and duration pattern) as well as a speech-in-babble task. The authors noted amplitude modulation detection deficits for 30e40 and 41e50 year olds (but not 51e60 year olds), and poorer duration pattern identification for all age groups, but no noiseinduced gap detection deficits within any age group. Although the differences were mixed across the three temporal processing tasks, deficits in the speech-in-babble test were associated with noise exposure within all age groups. The results were interpreted as suggesting noise-induced distortion in the temporal encoding of sounds in a normal hearing population (Kumar et al., 2012) ; however, as noted by Plack et al. (2014) , it is possible that thresholds in the train drivers and the controls were different as Kumar et al. (2012) only document that hearing sensitivity was within 25 dBHL (0.25e8 kHz). To exclude the possibility of mild hearing loss influencing detection in noise performance, Stone et al. (2008) enrolled younger subjects (ages 16e18) with better hearing (thresholds of 15 dBHL or better). Subjects in that study were required to discriminate filtered white noise (shaped Gaussian noise, GSN) from a noise with the same long-term power spectrum, but greatly reduced amplitude fluctuations (low-noise noise, LNN). The subset of the participants that chose to engage in noisy activities without hearing protection (noise levels of approximately 105e110 dBA for 45 min or more at least once per week) performed more poorly than those who were not exposed to noise, but functional differences were observed only at low sensation levels, a finding that was interpreted by the authors as reflecting inner hair cell dysfunction (Stone et al., 2008) . It is possible that hair cell damage could have contributed to the observed pattern of deficits on the temporal tasks, however, even if hearing levels were 15 dBHL or better. Recent data from normal hearing listeners, documenting decreased distortion product otoacoustic emission (DPOAE) amplitudes as a function of increasing recreational noise exposure, are consistent with the possibility that outer hair cell damage precedes threshold shift in those exposed to recreational noise (Fulbright, 2016) . The finding from these normal hearing listeners is consistent with a wealth of data from military personnel and workers in which changes in DPOAEs appear to precede changes in threshold (Lapsley Miller and Marshall, 2007; Lapsley Miller et al., 2004; Marshall et al., 2001; Seixas et al., 2004 Seixas et al., , 2012 ).
An additional study worth note with respect to the topic of noise-induced functional deficits in the absence of overt NIHL is that of Kujala et al. (2004) , who compared detection performance for subjects with noisy occupations with that of subjects that reported no history of intense noise exposure. In contrast to traditional speech understanding tasks, they used a test paradigm in which subjects were actively engaged in a complex visual tracking task while a distractor syllabus (/pa/) was repeated. The subjects' task was to respond as quickly as possible when a deviant syllable (/ka/) or novel sound (telephone ringing, door slamming, etc.) was presented. The stimulus level was 70 dB SPL and a white noise background was present, with a 15 dB SNR. Performance on the visual tracking task was more disrupted in the group with a history of noise exposure, and the subjects exposed to occupational noise made fewer correct target detections (69% hit rate versus 42% hit rate), a pattern of results that was interpreted as impaired central processing and increased distractibility (Kujala et al., 2004) .
Taken together, it is clear that challenges communicating in noisy environments are a key reason that patients seek audiometric testing, but the standard clinical audiogram alone is a poor predictor for performance identifying speech in noisy backgrounds. There is evidence that a history of occupational noise exposure or other noise insults can be associated with poorer performance on word recognition tasks completed in noisy backgrounds, although specific causal relationships related to the underlying pathology have not been established in animal models or in humans. There presumably will be a continuum in which increasing noise exposure is increasingly likely to result in deficits, given that recreational noise has not been linked to poorer performance on speechin-noise tasks, whereas acoustic overexposure was linked to new auditory complaints, and it is possible that the pattern of pathological change will shift as a function of increasing insult. A major challenge to the field with respect to assessing and establishing such relationships in human participants is the lack of consensus on the "best" tools for measuring functional performance (Le Prell and Brungart, 2016) . There are indeed a number of speech-test tools that might be considered for use in future studies; clinical trials that assess prevention of speech-in-noise deficits may be possible given emerging pre-clinical data that indicate synaptopathy can be prevented in rodent models using neurotrophic factors as post-noise rescue agents (Sly et al., 2016; Suzuki et al., 2016; Wan and Corfas, 2015) . An alternative to drug based therapies is the use of auditory training; a variety of auditory training strategies have been developed with the goal of helping patients improve performance when listening in noise in real world environments (for reviews, see Alain et al., 2014; Dubno, 2013; Olson, 2015) .
Measurement and prediction of speech intelligibility in noise
Speech-based functional tests
There are a variety of speech-based functional tests available for use in the clinic and in research studies. The simplest measure is the speech detection threshold (SDT), which is the lowest intensity at which speech can be detected 50% of the time. The test typically uses monosyllabic words, and the SDT in part serves as a crosscheck for the pure-tone thresholds. A second measure is the speech reception threshold (SRT, sometimes also termed the speech recognition threshold), which establishes the minimum signal level at which the listener can correctly identify 50% of the speech material presented (Plomp and Mimpen, 1979) . The SRT can be determined using a variety of speech targets including words (Bilger et al., 1984) or sentences (Nilsson et al., 1994; Plomp and Mimpen, 1979; Versfeld et al., 2000) . The SRT is typically approximately 10 dB higher (poorer) than the SDT because it is more difficult to understand speech than to simply detect speech presentation. In contrast to the SDT and SRT measures, Word Recognition (WR) tests are tests conducted at supra-threshold levels during which the patient or participant must correctly identify monosyllabic words, which are more difficult to identify than the spondee words sometimes used in SRT testing. There are a number of lists that are widely used. The Maryland CNC test was described above; another common test is the Central Institute for the Deaf (CID) W-22, which is phonetically (or phonemically) balanced, has an easier vocabulary, and is used more for children than adults. Another common test is the PB-50, which is phonetically balanced, and includes a single 50 word list. The PBK is a phonetically balanced list for kindergarten children with hearing loss. Finally, the Northwestern University Auditory Test No. 6 (NU-6) is composed of consonant-nucleus-consonant words, has more advanced vocabulary, and is used more for adults. These suprathreshold tests provide a more accurate view of communication performance in the real world, can reveal reduced ability to understand average conversational speech, and have the potential to distinguish audibility from intelligibility, given that understanding sound is more difficult than detecting sound Soli, 2008) . A problem with the use of these tests in normal hearing participants in research studies is a potential ceiling effect, in that most normal hearing listeners will do very well on this suprathreshold test as it is completed in a quiet environment.
Speech-in-noise tests
Over the past 70 years, many speech-in-noise tests have emerged in the literature, with the Speech Perception in Noise (SPIN) test (Kalikow et al., 1977) , the Revised Spin (R-SPIN) test (Bilger et al., 1984) , the Connected Speech Test (CST) (Cox et al., 1987 (Cox et al., , 1988 , the Speech Intelligibility Rating (SIR) test (Beck and Speaks, 1993; McDaniel and Cox, 1992) , and the Revised Speech Intelligibility Rating (RSIR) test (Speaks et al., 1994) being some of the better known early tests (for review see Le Prell and Lobarinas, 2015) . Although these tests were initially designed for use in hearing research with the potential for adoption to use in the clinic (Carhart, 1951; Carhart and Tillman, 1970 ; for reviews, see Wilson, 2011a; Wilson and McArdle, 2005) , the available data suggest that speech-in-noise testing has not been widely embraced or well adopted by audiologists as part of routine audiometric testing protocols (Mueller, 2003; Strom, 2003; Tannenbaum and Rosenfeld, 1996; Vermiglio et al., 2012) .
Survey data collected from a population of some 600 professionals who dispense hearing aids (Mueller, 2003; 92% audiologists, 8% hearing instrument specialists) suggest that the Quick Speech-In-Noise (QuickSIN) test (Killion et al., 2004) may be the test most frequently used by audiologists to evaluate speech understanding in noise. Sentences are presented at a fixed level (70 dBA), and the SNR is sequentially decreased from þ25 dB SNR (easiest) to 0 dB SNR (hardest) with sentences spoken by a female talker and the background noise being four-talkers mixed together as a babble background (QuickSIN User's Manual, Etymotic Research, 2006) . The test includes 12 sentence lists with 6 sentences per list (Killion et al., 2004 (Killion et al., , 2006 McArdle and Wilson, 2006) . Each sentence includes five target words, yielding 30 target words per sentence list. According to the QuickSIN User's Manual, the primary outcome of "SNR Loss" is defined as "the dB increase in signal-to-noise ratio required by a hearing-impaired person to understand speech in noise, compared to someone with normal hearing." The outcome of the test is a score at which approximately 50% performance is observed (SNR-50). Because normative data suggest that a normal-hearing person requires speech to be approximately 2 dB louder than the background noise to achieve 50% correct identification on the QuickSIN test (2 dB SNR), "SNR Loss" is then derived from the measured SNR-50. For example, a hearing-impaired person who requires an 8-dB SNR to achieve a score of 50% correct would have a 6 dB SNR Loss (6 dB greater than the normative 2 dB SNR reference point). The sentences included in the QuickSIN are syntactically correct, but contain few semantic or contextual clues; the vocabulary is relatively difficult and the test has generally been used with adult participants. However, pediatric norms are emerging with the data indicating that children ages 10 years or older are largely equivalent to adults with respect to the SNR-50 metric (Holder et al., 2016) . The QuickSIN has been popular in research studies and has been used as a metric in studies assessing the impact of HPD use on sound localization and speech-in-noise performance (Brown et al., 2015) . The QuickSIN has also been used in studies seeking evidence of "hidden hearing loss" in the form of speech-in-noise deficits. Bramhall et al. (2015) measured wave I ABR amplitude as an indirect correlate of neural integrity and assessed potential associations between wave I amplitude and threshold, otoacoustic emission amplitude, speech-in-quiet (using NU-6 words), and speech-innoise (using the QuickSIN). Poorer QuickSIN performance was correlated with smaller wave I ABR amplitude in their adult population (ages 19e90), but the relationship was observed only among participants with overt hearing loss, with the hearing inclusion criteria for this study requiring PTA-5124 thresholds of 45 dBHL or better (Bramhall et al., 2015) .
The survey data collected by Mueller (2003) indicated that the Hearing in Noise Test (HINT) is also relatively well used, within the population of dispensers who use recorded speech-in-noise tests as part of the pre-fitting or fitting process. The HINT is composed of 25 phonemically balanced sets of 10 sentences each which have been equated for difficulty (Nilsson et al., 1994) . The sentences were modeled after the Bamford-Kowal-Bench (BKB) sentences constructed for use with British children (Bench et al., 1979) ; the sentences were modified to use American English, the length of the sentences was modified as needed to generate equivalent length sentences, and the sentences were sorted to create 25 lists of equivalent difficulty (Nilsson et al., 1994) . All sentences were recorded with a male talker. During the HINT, the listener's job is to repeat the sentence correctly. The SRT is determined using a threshold bracketing procedure in which the sentence presentation level is decreased when the sentence is repeated correctly, and increased when the sentence is not repeated correctly until the listener recognizes either 50% of the words (word SRT) or 50% of the sentences (sentence SRT). The background noise is a filtered white noise with the spectrum matched to the long-term average spectrum of the talker (Soli and Wong, 2008) . The standard HINT protocol that has now emerged is based on the administration of a 20-sentence list, with 4-dB step sizes for the first four sentences and 2-dB step sizes for the remaining 16 sentences. The noise level is 65 dBA, and noise is presented in noise-front (NF), noise-right (NR), and noise-left (NL) conditions to measure spatial release from masking (Soli and Wong, 2008) . The HINT has been adapted to multiple other languages (Myhrum et al., 2016; Vaillancourt et al., 2005; Wong and Soli, 2005; Wong et al., 2007) , and has been proposed for use as a tool for making employment decisions for jobs where communication performance is critical .
The Words-in-Noise (WIN) test does not appear to have been adopted for widespread clinical use (at least according to the survey results from Mueller, 2003) , although there has been an extensive development process (Wilson, 2011a; Wilson and McArdle, 2007; Wilson et al., 2003 Wilson et al., , 2007b and the WIN test was adopted by the National Institutes of Health (NIH) for inclusion as part of the NIH Toolbox (Zecker et al., 2013) . Like the QuickSIN, the WIN measures word recognition performance for words presented in multi-talker babble. In contrast to the five SNRs included in the QuickSIN, the WIN includes seven SNRs with the 50% correct point (in dB SNR) used as the primary performance metric (for review of data across studies, see Wilson, 2011a ). The WIN is not a sentence test. The listener's task is to identify specific words that are provided as part of the carrier phrase, "Say the word, ____." The WIN was initially designed as a 70-word instrument with ten unique words presented at each of the seven SNRs, decreasing from 24 dB SNR (easiest) to 0 dB SNR (most difficult) in 4-dB decrements (Wilson et al., 2003) . The original 70-word list was divided into two lists (35 words per list) with the two lists established as being of equivalent difficulty and yielding equivalent results . A third list was developed, but is recommended for use only as a practice list to familiarize participants with the task, as this list is more difficult than lists 1 and 2 . Interestingly, although the WIN assesses word recognition against a background babble including six female voices, data suggest that the WIN provides a measure of energetic masking, rather than informational masking . The WIN appears to be appropriate for use with adults and children, although adults perform better on this test than children (Wilson et al., 2010a) .
The WIN has been directly compared against other speech-innoise protocols, with the authors concluding that the QuickSIN and WIN materials are more sensitive than the BKB-SIN and HINT (Wilson et al., 2007a) , leading to the suggestion that the WIN and QuickSIN both appear to be reasonable choices for use in studies with populations that have a history of noise exposure (Le Prell and Brungart, 2016) . The WIN test was also validated against the Speech Recognition in Noise Test (SPRINT) test, and the two tests were found to be generally equivalent (Wilson and Cates, 2008) . The SPRINT test has not been the subject of any other significant use within the research literature; this test was developed by and is used by the US Army to assess communication ability and fitness for duty (for review, see Tufts et al., 2009) . As described by Wilson and Cates (2008) , although the WIN and the SPRINT both use NU-6 words, the WIN has seven discrete SNRs in 4-dB steps of increasing difficulty whereas the SPRINT includes multi-talker background babble presented at a single (9 dB) SNR. Originally, the SPRINT was required to be administered with a full set of 200 words, but the test can now be administered using a shorter 100 word list (SPRINT 100 ) (Brungart, 2014) . One of the major advantages of the WIN relative to the SPRINT is the finding that even normal hearing listeners perform poorly in the most difficult SNR conditions (Fulbright, 2016; Le Prell and Brungart, 2016) , although previous recreational noise exposure does not appear to compromise performance on the WIN test (Fulbright, 2016; Le Prell and Lobarinas, 2016a) , or the digit triplet test . The Digit Triplet test uses adaptive tracking methods and may be more sensitive to high-frequency hearing loss than corresponding CVC speech-in-noise tests (Jansen et al., 2014) . The data available to date provide little evidence on which guidance can be offered with respect to the "best" or the "most sensitive" test; identification of supra-threshold functional tests that are sensitive to the effects of noise on the inner ear prior to the development of overt hearing loss would be a significant scientific advance.
Prediction of speech intelligibility
Several techniques have been developed to predict intelligibility of speech in background noise. These are used to evaluate the effects of background noise on speech communication, as well as room acoustics or filters introduced by communications devices or hearing prostheses. The articulation index (AI) was originally developed as a way to relate speech intelligibility to the intensities of speech and unwanted sounds (French and Steinberg, 1947; Kryter, 1962) . The AI evolved into the speech intelligibility index (SII) as part of ANSI S3. 5-1997 (American National Standards Institute, 1997 . The SII predicts the speech intelligibility of a particular listener in a noisy background by using the listener's audiometric hearing thresholds and knowledge of the spectral content of the noise. The SII is a generalization of the AI based on the amount of audible speech information relative to noise level (i.e., SNRs) in each of several critical frequency bands and on the importance of each band to speech intelligibility. The contribution of each band is summed, resulting in a SII value that ranges from zero (inaudible speech), to one (fully-audible speech) for normal hearing individuals. As a result, the SII is a better predictor of speech intelligibility than hearing thresholds alone, as the calculation takes into account the characteristics of speech, noise, and the listener's hearing thresholds. The SII also takes into account some of the limitations of the auditory system, such as decrease in intelligibility at high presentation levels and spread of masking (Smits and Festen, 2011) . The SII ranges from 0 to a maximum number that is less than one in part because of the loss of audibility caused by hearing loss. However, the SII does not take into account other hearing impairment effects, sometimes referred to as suprathresholds deficits (Smits and Festen, 2011) .
In general, the SII assumes that the background noise is steady. To overcome this limitation the extended SII (ESII) was developed by Rhebergen and Versfeld (2005) to predict speech intelligibility in fluctuating noise based on the SII. The ESII is calculated with the noise spectrum level analyzed in 'snapshots' (9e20 msec long) as opposed to using a long-term average noise spectrum (Rhebergen et al., 2006) . Rhebergen et al. (2008) tested the ESII model to predict SRTs in a variety of real-life noises for normal hearing subjects and showed that the ESII model performed better in predicting speech intelligibility rates than SII. The ESII was also successfully used to model the performance in understanding unprocessed and amplified speech in hearing impaired listeners for continuous and temporally-modulated noise (Desloge et al., 2010; George et al., 2006) . Another measure of speech intelligibility in background noise is the speech transmission index (STI). The STI is based on the concept that the reduction in intelligibility caused by noise can be modeled in terms of the reduction in temporal envelope modulations (Steeneken and Houtgast, 1980) . The STI therefore models the effects of temporal variation in both masker and target, and as a result, is a good metric to predict the effects of reverberation, room acoustics, and additive noise on speech intelligibility.
The effects of hearing protection devices
The challenges of communicating in noisy backgrounds are not new. Indeed, Webster (1965) long ago pointed to shielded (noisecancelling) microphones and noise-attenuating earmuffs as some of the most useful strategies for obtaining good speech comprehension in high-level noise. Additional reviews have been published over a period of many years, pointing to the communication advantages achieved with noise-attenuating HPDs in high-noise environments (Hawley and Kryter, 1957; Robinson and Casali, 2003; Shadle, 2007) . However, the use of passive HPDs has the potential to interfere with detection, recognition, identification and localization of mission relevant sounds for military service members operating in hazardous environments (Grantham, 2012; Ohlin, 2005 Ohlin, , 2009a . The availability of active electronic HPDs has allowed better signal detection and identification abilities despite the use of HPDs (Casali, 2010; Casali et al., 2009; Clasing and Casali, 2014; Talcott et al., 2012) . Although sound localization is often reported to be compromised relative to the open ear condition (Brown et al., 2015; Carmichel et al., 2007; Killion et al., 2011; Simpson et al., 2005) , there are data that suggest sound localization can improve with regular use of active electronic hearing protection and can even approximate open ear performance (Casali and Robinette, 2015) . The DoD Hearing Center of Excellence (DoD HCE) and 3M Corporation have partnered on the development of an educational program on Tactical Communication and Protective Systems (TCAPS); TCAPS not only provide active hearing protection, but have built in communication technology to allow, for example, radio communications to be delivered directly into the headset behind the HPD (Hamill and Fallon, 2016) . These Exercise in Communication and Hearing Operations (ECHO) training sessions provide an opportunity through which audiologists and military leadership gain first-hand experience communicating with both passive HPDs and TCAPS in both quiet scenarios and noisy, chaotic scenarios.
Conclusion
Noise has a significant impact on communication; for those service members working in hazardous combat conditions, compromised communication ability can negatively impact mortality and lethality; i.e., the ability to survive, and the ability to perform one's mission or job. Listeners with hearing impairment are disproportionately affected by the masking effects of background noise on speech, especially when the noise is fluctuating, a common occurrence in daily life as well as in many settings associated with military service. Assessment of hearing impairment and functional hearing performance as part of auditory fitness for duty testing must include speech intelligibility testing in both fluctuating and steady noise, keeping in mind that fluctuating noise affects hearing impaired listeners more severely than individuals with normal audiograms. Individuals with seemingly "normal" hearing can also have unexpected difficulties hearing, or understanding, speech in noisy environments. It is possible that some patients have speech-in-noise deficits as a consequence of exposure to noise or blast, but the critical boundaries at which noise exposure may become hazardous with respect to supra-threshold function are unknown and additional research investigating damage-risk relationships are urgently needed. The potential that speech processing deficits are associated with central processing disorders that affect temporal or spectral acuity must be considered as part of such studies. A number of speech-in-noise tests have been developed; the QuickSIN, the HINT, and the WIN are currently the most widely used tests in the clinic and in research laboratories. The Army currently requires the use of the SPRINT test for fitness for duty test purposes. Additional data are urgently needed to better identify and understand the relationships between noise exposure history and performance on speech-in-noise tests and to identify the most sensitive and appropriate tests to evaluate functional hearing performance in various populations. Although there is not sufficient evidence from which a "best" test can be identified, the inclusion of speech-in-noise tests as part of clinical testing and research-related functional batteries should be considered. 
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